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auditory and visual attention processing in adults with tinnitus and hearing loss compared
to two age-matched control groups, one with matched hearing loss and the other with
normal hearing thresholds. Attentional processing was investigated using a short-term
memory task with varying loads, employing unfamiliar Korean letters in the visual
condition and non-speech sounds in the auditory condition. We found similar behavioral
response across the three groups for both modalities and tasks. For the auditory modality,
the response of the attention network was suppressed in the tinnitus group compared to
the control groups for both task loads, with the effect being more pronounced at high load.
In contrast, in the visual modality, the tinnitus group exhibited greater response of the
attention network, regardless of memory load, compared to the control groups. The results
increase our understanding of the neural mechanisms of tinnitus and suggest that
interventions that manipulate attention, especially in the visual domain, should be further
investigated.
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. Husain).1. Introduction
Tinnitus is the conscious perception of sound in the absence
of an external source (Adjiaman et al., 2009). The sound
perceived may be different for every tinnitus sufferer, but isoften described as ringing, buzzing, hissing, whistling, hum-
ming, or cricket-like (Stouffer and Tyler, 1990). Four to 15% of
the general population and twenty percent of adults over age
50 have tinnitus (Møller, 2007). 30–40% of persons with
hearing loss experience tinnitus, whereas 90% of tinnitus
b r a i n r e s e a r c h 1 6 2 0 ( 2 0 1 5 ) 8 1 – 9 782sufferers report some form of hearing loss (Davis and Rafaie,
2000). Tinnitus and hearing loss can both signiﬁcantly reduce
the quality of life of sufferers when they are severe or
profound (Dalton et al., 2003; Sindhusake et al., 2004). In
cases with extremely severe tinnitus, anxiety, depression,
and even suicide can occur (Bartels et al., 2008). Currently,
there is no cure for tinnitus, although therapies exist to
manage an individual's reaction to it (Henry et al., 2014).
One major obstacle to developing new and better tinnitus
therapies is an incomplete understanding of neural bases of
tinnitus.
Recently, the attention network has become a focus of
study in tinnitus research (Roberts et al., 2013). Attention is
ubiquitous, yet elusive, in that it is difﬁcult to measure or
quantify (Fritz et al., 2007). Attention is part of all deliberate
tasks engaged in a top-down fashion (Johnson and Zatorre,
2005; Kastner and Pinsk, 2004) and is also based on bottom-up
salience of a stimulus (Kayser et al., 2005). Tinnitus, then,
may be caused by aberrant engagement of top-down atten-
tion, or abnormal bottom-up attention, wherein internal
noise gains salience when the external environment is quiet.
It may also be an interaction of the two processes, as argued
in (Roberts et al., 2013), and further may implicate both an
initial capture of attention and a later lack of dis-engagement
in a timely fashion (Heeren et al., 2014). Based on the
‘effortfulness’ hypothesis of (Rabbitt, 1968), both hearing
impairment and tinnitus may deplete attention resources
thus leaving fewer attention resources for completing cogni-
tive tasks. In the case of tinnitus, the reallocation may be to
the percept itself, causing interference with other attention-
demanding activities, whereas in the case of hearing loss
alone, the noisy input channel may cause additional
resources to be diverted to parse the incoming sounds.
The impact of tinnitus on concentration has been noted in
several behavioral studies (Araneda et al., 2015; Hallam et al.,
2004; Heeren et al., 2014; Rossiter et al., 2006; Stevens et al.,
2007), and questionnaires assessing tinnitus-related handi-
cap routinely ask patients about such concentration difﬁcul-
ties (e.g., Meikle et al., 2011; Newman et al., 1996; Tyler et al.,
2014). The impact of hearing loss on attention-demanding
tasks has been even more extensively studied, primarily in
the context of age-related hearing loss (Best et al., 2009; Craik,
2007; Passow et al., 2012; Passow et al., 2014).
Neuroimaging studies of tinnitus in humans have focused
on the role of cortical areas and have linked the tinnitus
percept to brain areas more commonly associated with
processing of attention and short-term memory or other
extra-auditory functions (e.g., Andersson et al., 2000; Burton
et al., 2012; Giraud et al., 1999; Mirz et al., 2000b; Schmidt
et al., 2013). Although attention may be modality-speciﬁc, the
cingulo-frontal-parietal network can be said to participate in
amodal attention processing related to executive control
(Petersen and Posner, 2012). In a PET study of gaze-evoked
tinnitus, (Giraud et al., 1999) found the conscious perception
of tinnitus to be associated with activation in temporo-
parietal regions, which are also known to play a role in
working memory. In a similar study (Lockwood et al., 2001),
patients with gaze-evoked tinnitus had plastic changes
in multiple neural systems, including frontal eye ﬁelds
and regions in the frontal, parietal and temporal cortices.Mirz et al. (Mirz et al., 2000a; Mirz et al., 2000c) concluded that
the perception of tinnitus may involve the dorsolateral
prefrontal cortex (which plays a role in attention), the limbic
system, and the secondary auditory cortex. Animal studies
(see the review by (Roberts et al., 2013)) have also noted the
engagement of the basal forebrain and the cholinergic system
(useful in mediating attention) in animals with tinnitus.
Although tinnitus usually co-occurs with hearing loss,
neuroimaging studies of tinnitus, including the ones listed
previously, have largely ignored the role of hearing loss. In a
previous fMRI (Husain et al., 2011), we studied a group of
patients with tinnitus and hearing loss (TIN), patients with
hearing loss only (HL) and controls with normal hearing
thresholds (NH) while they performed an auditory discrimi-
nation task. Differences in the engagement of the attention
and short-term memory network (henceforth shortened to
ASM) in the auditory modality, which comprises areas in the
frontal cortex, inferior parietal cortex, dorsomedial frontal
gyrus / anterior cingulate, and superior temporal gyrus, were
noted during the task. The HL group engaged the superior
temporal, superior frontal, inferior parietal and anterior
cingulate cortices signiﬁcantly more than the NH group. In
the TIN group, there was less widespread response of the
superior and middle frontal gyri as well as the inferior
parietal cortices compared to the control groups. NH subjects
exhibited marginal anterior cingulate cortical response and
marginal responses in the frontal and parietal cortices com-
pared to TIN and HL. These results suggest that differential
engagement of the ASM network may be a key difference in
the neural mechanisms underlying hearing loss alone and
hearing loss with tinnitus.
In this study, we investigated the differences (if any)
between NH, TIN, and HL groups in the functionality of the
ASM network under two different memory loads (high and
low) and in auditory and visual modalities. An assumption of
the study is the substantial involvement of the attention
network in mediating a short-term memory task. Previous
work, primarily using visual or verbal stimuli, has made this
connection (Fougnie, 2008). In this context, non-unitary
attention can be differentiated into a peripheral/perceptual
system (bottom-up) and a central system (top-down), with
the former engaged in orienting toward relevant stimuli and
the latter used for executive function. A perceptual model of
attention would argue for interference caused by tinnitus
primarily in the auditory domain. The work of Sorqvist and
colleagues (Sorqvist, 2010; Sorqvist et al., 2012) supports a
uniﬁed model of attention wherein capacity of central
mechanisms (as manifested in a short-term memory task)
affects early sensory processing in any modality. This would
suggest that tinnitus would affect both auditory and visual
modalities. Here, we consider two competing hypotheses:
one, both the auditory and visual tasks will show signiﬁcant
differences between the three groups, with distinct measur-
able differences between the tinnitus and the control groups;
and two, only the auditory but not the visual modality will
show signiﬁcant differences between the tinnitus patient
group and control groups. This second case could be driven
in several ways. First, the effect of tinnitus could be restricted
to the auditory attention network. Alternatively, because we
recruited individuals with mild tinnitus, it is also possible
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tion processing because it is not severe enough to interfere
with a non-auditory modality.
Based on our previous work (Husain et al., 2011), we
expected to ﬁnd between-group differences in the response
of the ASM network for the auditory stimuli. Because subjects
in all three groups could hear the auditory stimuli without
difﬁculty (sounds were presented in the ‘normal hearing’
frequency range of participants with hearing loss and veriﬁed
via responses being above 75%), accuracies were not expected
to vary signiﬁcantly between groups at low attention loads.
However, we expected high-frequency hearing loss and the
presence of tinnitus to increase (worsen) reaction times at all
attention loads due to a lack of available attentional
resources (Rabbitt, 1968).
If attention is indeed a central resource, then the effect of
tinnitus would be apparent in the visual modality as well.
However, there are similarities and differences between
auditory and visual attention (Fritz et al., 2007), speciﬁcally
in the case of hearing disorders. A study involving visual
Stroop tasks (Stevens et al., 2007) has provided empirical
evidence to support the effortfulness hypothesis in the visual
domain for participants with chronic severe tinnitus. In this
study, the participants showed delayed responses in both
naming conditions (stating the word or the color) of the
words visually presented in different colored fonts. They also
showed delays in other dual tasks where word reading or
category naming was required while simultaneously per-
forming a second task. More recent work by (Araneda et al.,
2015) replicated these ﬁndings on auditory and visual spatial
stroop tasks, which revealed delayed and less accurate
responses in both modalities, in individuals whose tinnitus
severity ranged from mild to catastrophic on the Tinnitus
Handicap Inventory (Newman et al., 1996). These results
reﬂect amodal deﬁcits in adults with severe tinnitus and
suggest an impact of tinnitus on visual processing as well. In
a related study, (Heeren et al., 2014) found that tinnitus
impacts the top-down central executive control of attention,
rather than other aspects of attention devoted to orienting or
alerting. However, the impact of mild tinnitus on central
executive function is not known. Another dimension that
may inﬂuence response times is the affective aspect of the
stimuli being processed. In our earlier study (Carpenter-
Thompson et al., 2014), we found that individuals withFig. 1 – The 12 characters of the Korean alphtinnitus exhibited similar reaction times as normal hearing
controls and faster reaction times than the matched-hearing
loss control group, when rating affective sounds as pleasant,
unpleasant or neutral. Note that in the current study both the
sounds and pictures did not contain an affective component.
For the auditory condition, stimuli were pure tones and
frequency modulated sweeps. For the visual tasks, stimuli
were single letters from the Korean (Hangul) alphabet (Fig. 1),
which were unfamiliar to our participants and for which they
did not have any linguistic associations. Subjects performed
the short-term memory tasks while their brain activity was
monitored by fMRI and their behavior – namely accuracy and
reaction time – was recorded. In the high load task (Hi),
subjects were presented with three consecutive stimuli and
decided if the third was the same as either of the ﬁrst two
stimuli or different from them both. In the low load task (Lo),
participants decided if two stimuli were the same or different.
Our goal in the study is to better understand the inﬂuence of
tinnitus on varying loads in auditory and visual modalities.
To fulﬁll this goal, we used both whole-brain and targeted
region-of-interest (ROI) analysis of the ASM. The ROIs were
primarily based on our previous study (Husain et al., 2011),
with the addition of the frontal eye ﬁelds to account for visual
modality and include auditory cortex, dorsomedial frontal
gyrus, intraparietal sulcus.
We used explicit inclusion and exclusion criteria to recruit
a homogenous group of patients and age- and gender-
matched controls. All participants had normal or corrected-
to-normal vision, those in the tinnitus or hearing loss groups
had normal hearing up to at least 2 kHz and sloping, high-
frequency sensorineural hearing loss beyond 2 kHz. In addi-
tion, all patients with tinnitus reported scores in the slight or
mild handicap range on the Tinnitus Handicap Inventory
scale (Newman et al., 1996) (see Table 1).2. Results
2.1. Behavioral results
Demographics and hearing loss proﬁles of the participant
population, for each of the modalities, are noted in Table 1
(a: auditory task, b: visual task). With respect to behavior, all
three groups performed the Lo task with better accuracy andabet used as stimuli for the visual task.
Table 1 – Demographic information of the three groups for the auditory condition (a) and the visual condition (b). TIN:
subjects with both hearing loss and tinnitus, HL: subjects with hearing loss without tinnitus, NH: subjects with clinically
normal hearing without tinnitus, BDI: Beck depression inventory, BAI: Beck anxiety inventory, THI: tinnitus handicap
inventory, std dev: standard deviation.
a. Demographics (auditory)
Group characteristics Normal hearing (NH) Hearing loss (HL) Hearing loss and
long-term tinnitus
(TIN)
No. of subjects 14 11 12
Sex 9 male/5 female 5 male/6 female 8 male/4 female
Age (in years) Range: 41–66 Range: 39–71 Range: 42 –64
Mean: 51.93 Mean: 58.18 Mean: 54.58
Std. dev.: 8.08 Std. dev.: 10.15 Std. dev.: 7.43
Handedness 13 right/1 left 9 right/1 left 12 right/0 left
BAI Mean: 0.93 Mean: 1.27 Mean: 1.75
Std. dev.:1.07 Std. dev.: 1.27 Std. dev.: 2.18
BDI-II Mean: 1.72 Mean: 3 Mean: 1.92
Std. dev.: 2.23 Std. dev.: 3.82 Std. dev.: 2.64
THI score N/A N/A Mean: 7.08
Std. dev.: 5.18
Average hearing threshold (dB, left) (mean7std dev) at
measured frequencies (kHz, right)
0.25 18.5778.48 0.25 13.6377.43 0.25 15.2178.40
0.5 13.7575.02 0.5 14.5478.15 0.5 13.7577.26
1 12.0474.96 1 16.82710.75 1 12.2976.91
2 11.7977.48 2 24.54719.69 2 16.2579.00
3 11.9176.45 3 42.50720.64 3 35.71714.39
4 15.1877.99 4 37.27721.09 4 45.00711.13
6 10.21710.98 6 42.95717.70 6 43.54712.38
8 11.9678.85 8 47.05719.06 8 44.38713.86
b. Demographics (visual)
Group characteristics Normal hearing
(NH)
Hearing loss (HL) Hearing loss and
long-term Tinnitus
(TIN)
No. of subjects 13 12 13
Sex 8 male/5 female 4 male/8 female 8 male/5 female
Age (in years) Range: 41–66 Range: 39–71 Range: 42–64
Mean: 51.00 Mean: 56.50 Mean: 55.00
Std. dev.: 7.59 Std. dev.: 8.86 Std. dev.: 7.27
Handedness 12 right/1 left 11 right/1 left 12 right/1 left
BAI Mean: 0.92 Mean: 1.92 Mean: 1.38
Std. dev.: 1.12 Std. dev.: 1.93 Std. dev.: 2.14
BDI-II Mean: 1.61 Mean: 3.5 Mean: 1.85
Std. dev.: 2.23 Std. dev.: 4.23 Std. dev.: 2.54
THI score N/A N/A Mean: 7.23
Std. dev.: 5.21
Average hearing threshold (dB, right) (mean7std dev) at
measured frequencies (kHz, left)
0.25 18.8578.75 0.25 12.7176.07 0.25 15.0078.12
0.5 13.6575.20 0.5 13.7577.83 0.5 14.4277.12
1 12.0075.10 1 16.88710.20 1 12.8877.77
2 10.9677.07 2 23.54719.02 2 16.9278.73
3 11.1076.20 3 36.88721.28 3 34.06714.40
4 14.6277.99 4 35.42719.22 4 43.27711.40
6 9.32711.05 6 39.79716.65 6 38.65715.91
8 10.7777.96 8 44.79718.50 8 43.65713.53
b r a i n r e s e a r c h 1 6 2 0 ( 2 0 1 5 ) 8 1 – 9 784faster response times compared to the Hi task as determined
by separate ANOVAs; there was main effect of task, but not of
group, in either of these measures for either modality. The
mean and standard error of the accuracy and reaction times
are depicted in Fig. 2 (a and b, respectively).2.1.1. Auditory modality
For accuracy, the two-factor analysis of variance showed no
signiﬁcant main effect for group, F(1,68)¼2.04, p40.05; but
showed a signiﬁcant main effect for task, F(1,68)¼19.16,
po0.05 and the interaction between group and task was not
Fig. 2 – Behavioral results. (a) Mean accuracy and standard
error and (b) mean reaction times and standard error, for the
two tasks for each group, in both auditory and visual
modalities.
b r a i n r e s e a r c h 1 6 2 0 ( 2 0 1 5 ) 8 1 – 9 7 85signiﬁcant, F(1,68)¼0.43, p4.05. A similar analysis for reac-
tion times showed no signiﬁcant main effect for group, F(1,
68)¼0.47, p40.05; but showed a signiﬁcant main effect for
task, F(1,68)¼29.99, po0.05, and the interaction between
group and task was not signiﬁcant, F(1,68)¼0.79, p4.05.
Tukey's post hoc tests did not reveal any across-group
differences.
2.1.2. Visual modality
For accuracy, the two-factor analysis of variance showed no
signiﬁcant main effect for group, F(1,70)¼0.655, p40.05; but
showed a signiﬁcant main effect for task, F(1,70)¼21.29,
po0.05 and the interaction between group and task was not
signiﬁcant, F(1,70)¼0.025, p4.05. A similar analysis for reac-
tion times showed no signiﬁcant main effect for group, F
(1,70)¼0.321, p40.05; but showed a signiﬁcant main effect for
task, F(1,70)¼16.16, po0.05, and the interaction between
group and task was not signiﬁcant, F(1,70)¼0.198, p4.05.
Tukey's post hoc tests did not reveal any across-group
differences.
2.2. fMRI results
Because data for the two modalities were obtained in sepa-
rate fMRI scan runs and included slightly different partici-
pants, separate ﬂexible factorial models were used for each
modality. The results of the auditory model revealed a main
effect of group in the medial frontal gyrus, bilateral superior
frontal gyrus, left postcentral gyrus and left inferior frontal
gyrus (Table 2a). In the visual modality, the main effect ofgroup was concentrated in the postcentral gyrus, inferior
frontal gyrus, cuneus and precuneus, all in the left hemi-
sphere. The effect of task was localized to voxels in bilateral
intraparietal sulcus, middle frontal gyrus, left inferior frontal
gyrus and left fusiform gyrus (Table 2b).
We examined the combined effect of both tasks
(HiþLo4Rest) for each group (Tables 3a, 4a, for the auditory
and visual modality, respectively). The most relevant results
to test our hypotheses were in the group comparisons;
therefore we discuss these results (Tables 3b, 4b). We also
examined Hi4Rest and Lo4Rest comparisons (Tables 3c, 4c)
and the resultant local maxima are noted where relevant.
2.2.1. Auditory modality: decreased response of the ASM in
TIN compared to control groups
In general we found a depressed response in the ASM in the
auditory modality for the TIN group relative to the control
groups. As shown in Table 3b, only three (out of six possible)
comparisons resulted in suprathreshold voxels. These were
the NH4TIN (right inferior frontal gyrus), TIN4NH (left
superior parietal lobule) and HL4TIN (right inferior and
superior frontal gyri, and right anterior cingulate). In inves-
tigating the Hi and Lo tasks separately (Table 3c), the Hi
auditory task was more informative in dissociating the
groups. As with the HiþLo4Rest comparisons, the following
contrasts resulted in suprathreshold voxels for the Hi task:
NH4TIN (right medial and bilateral inferior frontal gyri),
HL4TIN (right superior and inferior frontal gyri and anterior
cingulate) and TIN4NH (left superior parietal lobule).
We further analyzed the response of the attention net-
work by examining percent change in the BOLD signal for
both groups, in the auditory and visual modalities, using ROI
analysis. These changes were all present for the NH group in
the combined task (HiþLo) vs Rest. Of the eight ROIs exam-
ined for the auditory condition, two showed an effect of
group; these were the left and right intraparietal sulci (Fig. 3).
Tukey's post hoc tests revealed group differences for these
ROIs, with the left intraparietal sulcus showing greater signal
(in either task compared to rest) for the NH group relative to
the other two groups, suggesting an effect of hearing loss.
The right intraparietal sulcus however, exhibited an effect of
tinnitus with reduced response (in either Hi or Lo load
compared to rest) in the TIN group relative to NH or HL
groups. There were minor differences of task in each of the
ROIs but these did not reach statistical signiﬁcance.
2.2.2. Visual modality: enhanced response of the ASM in TIN
compared to control groups
The main effect of task was localized to a set of regions
comprising of bilateral middle and inferior frontal gyrus, left
insula, and bilateral medial frontal gyrus. In contrast to the
auditory modality, the TIN group showed an enhanced response
of the attention network in the visual modality relative to the
other groups. As shown in Table 4b, all comparisons, except for
the HL4TIN (HiþLo4Rest) contrast, resulted in suprathreshold
voxels. For the NH4HL contrast, greater response was seen in
the left postcentral gyrus, bilateral inferior parietal lobule,
bilateral precuneus and left inferior frontal gyrus. The opposite
HL4NH contrast revealed a locus of response only in the left
cuneus. The NH4TIN comparison resulted in suprathreshold
Table 2 – F-test results of ﬂexible factorial ANOVA for auditory (a) and visual (b) conditions. Peak level threshold was
determined at pr0.001 (uncorrected), but only brain locations of peaks of clusters that were signiﬁcant at the pr0.05 (FWE
corrected) peak-level are listed. No group-task interactions were identiﬁed for either (a) or (b).
a. Auditory – main effects
Effect (x,y,z) MNI coordinates Z score Cluster size Brain region (Brodmann area)
Main effect of group 3 35 46 5.31 215 Medial frontal gyrus (BA08)
9 53 28 3.99 Superior frontal gyrus
12 23 55 3.60 Superior frontal gyrus
45 28 49 4.91 134 Postcentral gyrus (BA02)
42 47 1 4.70 66 Inferior frontal gyrus
Main effect of task 39 20 31 5.86 909 Middle frontal gyrus
30 23 1 5.80 Insula
48 17 28 5.67 Inferior frontal gyrus
6 32 46 5.35 258 Medial frontal gyrus
9 29 37 3.51 Medial frontal gyrus
36 23 2 5.17 571 Inferior frontal gyrus
45 8 49 4.81 Middle frontal gyrus
45 32 22 4.24 Middle frontal gyrus (BA46)
b Visual – main effects
Effect MNI coordinates (x,y,z) Z score Cluster size Brain region (Brodmann area)
Main effect of group 51 25 55 7.06 1217 Postcentral gyrus (BA01)
42 28 58 6.96 Postcentral gyrus
39 31 43 5.62 Postcentral gyrus (BA02)
51 25 43 6.48 771 Postcentral gyrus
42 47 4 5.02 174 Inferior frontal gyrus
48 38 4 4.65 Inferior frontal gyrus
12 49 4 4.93 84 Precuneus
12 79 16 4.72 74 Cuneus
Main effect of task 36 58 49 4.99 247 Superior parietal lobule (BA07)
36 55 49 4.92 64 Inferior parietal lobule
51 20 37 4.79 170 Middle frontal gyrus
30 26 5 4.64 39 Inferior frontal gyrus
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frontal gyrus. In contrast, the TIN4NH contrast revealed several
clusters of activation, including in the right inferior, superior, and
middle frontal gyri; right inferior and superior temporal gyri;
right lingual gyrus and inferior parietal lobule; left precentral
gyrus, middle frontal gyrus, and lingual gyrus. The TIN4HL
contrast resulted in foci of activation in the right superior parietal
lobule, left middle frontal gyrus, left lingual gyrus and right
middle occipital gyrus. As mentioned previously, the HL4TIN
contrast did not result in any suprathreshold voxels.
Unlike the auditory modality, both Hi and Lo tasks
(Table 4c) were useful in dissociating the groups in the visual
modality. With respect to the Hi task, the following compar-
isons resulted in suprathreshold voxels: NH4TIN (left post-
central gyrus), NH4HL (bilateral postcentral gyrus, left
precuneus, right inferior parietal lobule, left middle and
inferior frontal gyrus), TIN4NH (right superior frontal gyrus,
right inferior temporal gyrus), TIN4HL (right superior parietal
lobule, bilateral middle frontal gyrus, left precuneus, left
lingual gyrus). For the Lo task, the following comparisons
resulted in supra threshold voxels at NH4TIN (left medial
frontal gyrus, left postcentral gyrus), NH4HL (right inferior
parietal lobule, left postcentral gyrus), TIN4NH (right super-
ior frontal gyrus, bilateral precentral gyrus, left medial frontalgyrus, right middle and inferior temporal gyrus, right inferior
parietal lobule, right lingual gyrus, bilateral precuneus),
TIN4HL (bilateral middle frontal gyri, cingulate gyrus and
left precuneus).
In the visual modality, four ROIs (right auditory, right
intraparietal sulcus, right dorsomedial frontal gyrus, and
right posterior intraparietal sulcus) showed an effect of
group. We used Tukey’s post hoc tests to more speciﬁcally
identify these group differences. Both the right intraparietal
sulcus and the right dorsomedial frontal gyrus exhibited an
increased response in the TIN group during the visual tasks,
but only with respect to the HL group (Fig. 4a, b). Right
auditory cortex exhibited an effect of hearing loss, with both
HL and TIN groups showing a statistically higher signal
compared to the NH group (Fig. 4b). Although the posterior
intraparietal sulcus showed a group level effect, there was
only a trend in the post hoc tests.3. Discussion
We investigated the effect of short-term memory and atten-
tion control in tinnitus and hearing loss by using two tasks
with different memory loads and three groups of
Table 3 – Auditory modality: (a) onesample t-test results of the different groups, (b) two-sample t-test results of group
comparisons for the HiþLo4Rest contrast and (c) two-sample t-test results for group comparisons for Hi4Rest and
Lo4Rest comparisons. Local maxima listed in this table are for clusters that were signiﬁcant at the pr0.05 (FWE) for (a)
and pr0.025 for (b) and (c) at cluster-level or peak-level threshold.
a. Auditory modality – within group, one-sample t-tests
Group (contrast) MNI coordinates (x,y,z) Z score Cluster size Brain region (Brodmann area)
NH (HiþLo) 60 11 16 5.71 47 Inferior frontal gyrus (BA44)
54 5 5 5.38 Superior temporal gyrus (BA22)
60 1 4 5.30 Superior temporal gyrus (BA22)
9 23 37 5.54 38 Cingulate gyrus (BA32)
3 29 37 5.09 Medial frontal gyrus (BA32)
57 8 13 5.47 51 Precentral gyrus (BA06)
42 1 13 5.46 Insula (BA13)
27 13 61 5.43 34 Middle frontal gyrus (BA06)
24 19 76 4.88 Precentral gyrus (BA04)
60 22 16 5.32 43 Postcentral gyrus (BA40)
60 22 31 5.14 Postcentral gyrus (BA02)
21 2 10 5.20 18 Lentiform nucleus (putamen)
48 19 16 5.18 48 Insula (BA40)
60 19 22 4.96 Postcentral gyrus (BA40/43)
18 5 10 5.14 35 Lentiform nucleus (putamen)
6 2 64 5.04 39 Medial frontal gyrus (BA06)
3 8 52 4.81 Medial frontal gyrus (BA32)
27 56 16 5.11 10 Middle frontal gyrus (BA10)
60 37 19 5.07 12 Superior temporal gyrus (BA42)
51 28 10 5.03 14 Transverse temporal gyrus (BA41)
45 28 46 4.99 14 Postcentral gyrus (BA02)
TIN (HiþLo) 18 16 13 5.95 64 Thalamus (ventral lateral nucleus)
18 16 4 5.88 Thalamus (too deep, not near cortex)
18 16 7 5.67 50 Thalamus (ventral posterior lateral)
HL (HiþLo) No suprathreshold voxels
b. Auditory modality – across group, two-sample t-tests
Group (contrast) MNI coordinates (x,y,z) Z score Cluster size Brain region (Brodmann area)
NH4HL (HiþLo) No suprathreshold voxels
HL4NH (HiþLo) No suprathreshold voxels
NH4TIN (HiþLo) 39,20,16 5.63 29 Inferior frontal gyrus (BA 46)
TIN4NH (HiþLo) 24,67,64 5.60 54 Superior parietal lobule (BA 7)
TIN4HL (HiþLo) No suprathreshold voxels
HL4TIN (HiþLo) 42,26,13 5.53 141 Inferior frontal gyrus (BA 46)
18,62,28 5.06 108 Superior frontal gyrus (BA 10)
3,26,16 4.81 171 Anterior cingulate (BA 24)
c. Auditory modality – across group, twosample t-tests
Group (contrast) MNI coordinates (x,y,z) Z score Cluster size Brain region (Brodmann area)
NH4TIN (Hi) 3,26,52 5.05 248 Medial frontal gyrus (BA 8)
39,20,16 5.01 96 Inferior frontal gyrus (BA 46)
36,14,5 4.60 301 Inferior frontal gyrus (BA 44)
NH4TIN (Lo) No suprathreshold voxels
NH4HL (Hi) No suprathreshold voxels
NH4HL (Lo) No suprathreshold voxels
HL4TIN (Hi) 42,26,13 5.28 232 Inferior frontal gyrus (BA 46)
21,62,25 5.15 219 Superior frontal gyrus (BA 10)
33,62,4 4.69 Superior frontal gyrus (BA 10)
3,38,22 4.61 225 Anterior cingulate (BA 32)
HL4TIN (Lo) No suprathreshold voxels
HL4NH (Hi) No suprathreshold voxels
HL4NH (Lo) No suprathreshold voxels
TIN4NH (Hi) 24,67,64 4.65 23 Superior parietal lobule (BA 7)
TIN4NH (Lo) No suprathreshold voxels
TIN4HL (Hi) No suprathreshold voxels
TIN4HL (Lo) No suprathreshold voxels
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b r a i n r e s e a r c h 1 6 2 0 ( 2 0 1 5 ) 8 1 – 9 788participants: those with tinnitus and hearing loss (TIN), age-
matched controls with similar hearing loss without tinnitus
(HL) and age-matched controls with normal hearing without
tinnitus (NH). The main result of the study was that there is a
strong modality speciﬁc effect of tinnitus on the attention
and short-term memory (ASM) network – with this network
showing a suppressed response during the auditory task and
an enhanced response during the visual task in the TIN
group. For the auditory tasks, the suppression of the ASM
network was stronger with task difﬁculty (or load), but in the
visual modality, the enhancement of the ASM was not
dependent on task difﬁculty.
In terms of our initial hypotheses, whereas both modal-
ities allowed us to distinguish the tinnitus group from its
controls, thus conﬁrming our ﬁrst hypothesis, the differences
were in opposite directions. This suggests not only that the
central mode of attention was mediating the short-term
memory tasks, but also that the effect of sensory deprivation
and neural plasticity may need to be taken into account. Our
results did not support the second hypothesis of the effect of
tinnitus on the ASM being modality-speciﬁc. Together, our
results partially support the ideas advanced in recent studies
(Araneda et al., 2015; Heeren et al., 2014).
There was no statistically signiﬁcant difference in the
response time and accuracy for the two tasks across the
groups; all participants found the Lo task to be easier,
shown as better accuracy and shorter reaction times,
compared to the Hi task. Our ﬁnding of no differences in
behavioral metrics between the two groups is in keeping
with the results of our previous study (Husain et al., 2011),
but does not support other published studies, which have
noted an effect of tinnitus on cognitively-demanding and
memory-intensive tasks (Araneda et al., 2015; Hallam et al.,
2004; Heeren et al., 2014; Rossiter et al., 2006; Stevens et al.,
2007). Behaviorally, distracting effects of tinnitus have been
noted in declines in response times and in accuracy in
demanding selective or divided attention tasks (Rossiter
et al., 2006; Stevens et al., 2007). However, in these studies
the participants reported moderate to severe tinnitus and
some even presented with catastrophic tinnitus (Araneda
et al., 2015). The participants in our study did not report a
high level of distress associated with their tinnitus. It is
possible that their mild level of tinnitus distress did not
prove as distracting as more severe tinnitus distress and
thus did not result in behavioral-level changes. As noted in
(Das et al., 2012), severity of tinnitus is correlated with
declines in cognitive performance, and such gross changes
in behavior is likely to be noticeable in individuals with
severe tinnitus when compared to controls or a subgroup
with mild tinnitus. It is also possible that the tasks in our
study were not sufﬁciently demanding and other tasks with
more stimuli and did not have an affective component
(Carpenter-Thompson et al., 2014); more complicated para-
digms or different stimuli may allow us to measure the
impact of mild tinnitus on attentional tasks. However, the
lack of differences in behavior allows us to attribute the
observed differences in neural correlates to the neuro-
otological conditions (hearing loss, tinnitus) that vary
across the groups, rather than to task-speciﬁc factors.3.1. Decreased response of the ASM in TIN for the auditory
modality compared to control groups
One of the ﬁndings of our earlier paper (Husain et al., 2011),
which focused on the auditory modality and employed the Lo
task, was that the putative ASM showed decreased engage-
ment relative to the control groups. The control groups in the
Husain et al. (2011) study were similar to the ones used in the
present study. We have replicated this ﬁnding in the current
study using two types of memory loads (Tables 3b and 3c).
Stevens et al. (2007) developed the theory that for those who
have habituated to tinnitus, reaction to tinnitus is automatic
and “consumes few resources”. This would likely be the case
for the participants in our study, who all reported mild
tinnitus; the lack of difference in reaction times and accuracy
between the three groups suggests the tinnitus patients were
not devoting many resources to their tinnitus percept. How-
ever, for those with severe tinnitus, being continuously aware
of tinnitus and orienting to it consumes resources and thus
depletes available resources for more demanding tasks. A
brain imaging study (Delb et al., 2008), using event-related
potentials, noted differences in high and low distress patients
in their ability to switch attention. Those with severe tinnitus
did not show reduction in N100 amplitude and phase locking
when comparing attending to a target tone to an unattended
condition (where they ignored the tones). A comparative
group with low distress did show such differences between
the two conditions and was similar to the control group
without tinnitus. A different event-related study found that
even those with mild tinnitus severity had slower response
times in a psychomotor vigilance task (Dornhoffer et al.,
2006). No deﬁcits, however, were seen in the P50 event-
related potential, which indexes brainstem-thalamus level
activity and point to higher cortical-level mechanisms under-
lying the response time differences. Perhaps the differences
in temporal resolution between event-related EEG paradigms
and slower fMRI paradigms, heterogeneity of the tinnitus
population, and differences in tasks may explain differences
between the ﬁndings from our work and the event-related
studies.
As shown in Fig. 3, the right intraparietal sulcus is the only
ROI from the eight employed in the targeted analysis to
dissociate tinnitus from both control groups. Additionally,
right inferior frontal gyrus also dissociated tinnitus from both
control groups in the whole-brain analysis (Tables 3b and c),
showing reduced response compared to the controls.
Together, these results suggest that the fronto-parietal atten-
tion network, rather than the auditory processing regions,
shows reliable tinnitus-related reductions in activity.3.2. Enhanced response of the ASM in TIN for the Visual
modality compared to control groups
In the visual modality, we noted greater engagement of the
ASM by the TIN group compared to the control groups
(Tables 4b and 4c). This enhanced engagement of the visual
ASM suggests that individuals with tinnitus are conducting a
divided attention task and are aware of their tinnitus while
Table 4 – Visual modality: (a) one-sample t-test results of the different groups, (b) two-sample t-test results of group
comparisons for the HiþLo4Rest contrast and (c) two-sample t-test results for group comparisons for Hi4Rest and
Lo4Rest comparisons. Local maxima listed in this table are for clusters that were signiﬁcant at the pr0.05 (FWE) for (a)
and pr0.025 for (b) and (c) at cluster-level or peak-level threshold.
a. Visual modality – within group, one-sample t-tests
Group (Contrast) MNI coordinates (x,y,z) Z score Cluster size Brain region (Brodmann area)
NH (HiþLo) 36 52 49 5.10 12 Inferior parietal lobule (BA40)
TIN (HiþLo) 27 49 20 5.39 169 Culmen
27 64 17 5.20 Fusiform gyrus (BA19)
39 4 61 5.74 60 Middle frontal gyrus (BA06)
60 14 22 5.64 12 Inferior frontal gyrus (BA45)
45 43 46 5.57 84 Inferior parietal lobule (BA40)
48 31 55 5.27 Postcentral gyrus (BA02)
36 52 40 5.00 Inferior parietal lobule (BA40)
36 2 16 5.56 30 Insula (BA13)
45 61 4 5.48 55 Middle temporal gyrus (BA37)
63 19 28 5.41 17 Postcentral gyrus (BA01)
51 22 25 5.00 Postcentral gyrus (BA02)
6 5 52 5.21 15 Medial frontal gyrus (BA32)
18 67 4 5.18 13 Posterior cingulate (BA31)
48 31 58 5.15 51 Postcentral gyrus (BA02)
33 52 55 5.05 Inferior parietal lobule (BA40)
42 46 49 4.93 Inferior parietal lobule (BA40)
51 22 19 5.15 12 Postcentral gyrus (BA40)
39 11 4 5.14 11 Insula (sulcus lateralis)
30 13 70 5.07 12 Superior frontal gyrus (BA06)
39 55 14 4.94 13 Middle frontal gyrus (BA10)
HL (HiþLo) No suprathreshold voxels
b. Visual modality – across group, two-sample t-tests
Group (contrast) MNI coordinates (x,y,z) Z score Cluster size Brain region (Brodmann area)
NH4HL (HiþLo) 51,25,55 7.16 1621 Postcentral gyrus (BA 1)
42,28,58 7.06 Postcentral gyrus (BA 4)
39,31,42 5.74 Inferior parietal lobule (BA 40)
51,25,43 5.59 955 Inferior parietal lobule (BA 40)
4247,4 4.61 211 Inferior frontal gyrus (BA 10)
45,38,4 4.55 116 Inferior frontal gyrus (BA 10)
12,49,49 5.07 116 Precuneus (BA 7)
27,70,34 4.56 36 Precuneus (BA 19)
HL4NH (HiþLo) 12,79,16 4.85 128 Cuneus (BA 18)
NH4TIN (HiþLo) 51,25,58 6.47 223 Postcentral gyrus (BA 1)
3 50 19 5.68 227 Medial frontal gyrus (BA 9)
TIN4NH (HiþLo) 33,4,67 6.76 1398 Superior frontal gyrus (BA 6)
45,11,37 5.84 Inferior frontal gyrus (BA 9)
45,23,31 5.78 Middle frontal gyrus (BA 10)
36,67,5 6.03 246 Inferior temporal gyrus (BA 37)
21,82,5 5.68 Lingual gyrus
27,76,5 5.60 Lingual gyrus
51,55,19 5.78 192 Superior temporal gyrus (BA 39)
63,40,22 5.53 Inferior parietal lobule (BA 40)
48,4,49 5.46 136 Precentral gyrus (BA 4)
2179,8 5.08 193 Lingual gyrus (BA 18)
36,35,43 5.06 64 Middle frontal gyrus (BA 8)
30,41,40 4.53 Middle frontal gyrus (BA 9)
TIN4HL (HiþLo) 27,55,49 6.45 6967 Superior parietal lobule (BA 7)
27,7,49 6.35 Middle frontal gyrus (BA 6)
24,73,5 5.28 260 Lingual gyrus (BA 19)
30,79,2 5.15 170 Middle occipital gyrus (BA 18)
HL4TIN (HiþLo) No suprathreshold voxels
c. Visual modality – across group, two-sample t-tests
Group (contrast) MNI coordinates (x,y,z) Z score Cluster size Brain region (Brodmann area)
NH4TIN (Hi) 51,25,58 5.42 148 Postcentral gyrus (BA 1)
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c. Visual modality – across group, two-sample t-tests
Group (contrast) MNI coordinates (x,y,z) Z score Cluster size Brain region (Brodmann area)
NH4TIN (Lo) 3,50,19 5.02 122 Medial frontal gyrus (BA 9)
45,31,61 4.94 Postcentral gyrus (BA 1)
51,25,58 4.77 23 Postcentral gyrus (BA 1)
NH4HL (Hi) 42,28,58 6.19 577 Postcentral gyrus (BA 4)
51,25,58 6.12 Postcentral gyrus (BA 1)
39,31,46 4.98 Postcentral gyrus (BA 40)
12,46,52 5.10 185 Precuneus (BA 7)
45,25,49 5.03 310 Postcentral gyrus (BA 3)
51,25,43 5.01 Inferior parietal lobule (BA 40)
51,8,22 4.89 144 Inferior frontal gyrus (BA 44)
42,47,4 4.59 215 Inferior frontal gyrus (BA 10)
33,41,13 4.30 Middle frontal gyrus (BA 10)
NH4HL (Lo) 51,25,43 5.77 329 Inferior parietal lobule (BA 40)
51,25,55 5.73 374 Postcentral gyrus (BA 1)
42,31,61 5.58 Postcentral gyrus (BA 1)
HL4TIN (Hi) No suprathreshold voxels
HL4TIN (Lo) No suprathreshold voxels
HL4NH (Hi) No suprathreshold voxels
HL4NH (Lo) No suprathreshold voxels
TIN4NH (Hi) 33,4,67 5.01 55 Superior frontal gyrus (BA 6)
36,61,8 4.70 112 Inferior temporal gyrus (BA 37)
TIN4NH (Lo) 30,4,67 5.95 2443 Superior frontal gyrus (BA 6)
48,7,52 5.73 Precentral gyrus (BA 6)
6,7,52 5.68 Medial frontal gyrus (BA 6)
51,58,10 5.30 201 Middle temporal gyrus (BA 39)
63,40,22 5.16 Inferior parietal lobule (BA 40)
39,67,5 5.27 137 Inferior temporal gyrus (BA 37)
27,76,5 4.54 Lingual gyrus
18,49,58 4.96 199 Precuneus (BA 7)
18,70,43 4.91 Precuneus (BA 7)
57,14,10 4.75 163 Precentral gyrus (BA 44)
27,58,49 4.64 87 Precuneus (BA 7)
TIN4HL (Hi) 27,58,49 5.76 1100 Superior parietal lobule (BA 7)
39,8,43 5.48 Middle frontal gyrus (BA 8)
21,19,58 5.40 Middle frontal gyrus (BA 6)
33,32,46 5.67 1787 Middle frontal gyrus (BA 8)
15,58,52 5.55 Precuneus (BA 7)
12,46,52 5.45 Precuneus (BA 7)
21,76,8 5.28 195 Lingual gyrus (BA 18)
TIN4HL (Lo) 36,13,55 5.89 3616 Middle frontal gyrus (BA 6)
6,1,40 5.42 Cingulate gyrus (BA 24)
27,10,49 5.35 Middle frontal gyrus (BA 6)
21,55,52 4.60 90 Precuneus (BA 7)
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are able to concentrate on the visual task with their undi-
vided attention. In the targeted analysis, the right intrapar-
ietal sulcus and the dorsomedial frontal gyrus showed an
effect of tinnitus (Fig. 4).
Our results have implications for the design of tinnitus
treatments and for understanding sub-groups within the
larger tinnitus population. Using demanding tasks to direct
attention away from tinnitus can be exploited in therapies
(Low et al., 2007; Searchﬁeld et al., 2007). The results of the
(Searchﬁeld et al., 2007) study suggest that a therapy which
actively diverts attention to a demanding task requiring
response from the participants can reduce severity of tinnitus
in as little as a ﬁfteen-day treatment period. The enhanced
response of the ASM during visual processing for the TINgroup in our study suggests that attention-demanding visual
tasks (for instance, video games) may serve as a potential
intervention for those with concentration difﬁculties related
to tinnitus. Further, interventions employing neuromodula-
tion (such as transcranial magnetic stimulation or TMS and
transcranial direct current stimulation or tDCS) that target
the attention system may show declines in attentional
problems associated with tinnitus. Therapies involving neu-
romodulation have focused primarily on the auditory cortex
(e.g.,Weisz et al., 2014) and on the frontal cortices (e.g.,
Kreuzer et al., 2011). Our results suggest that the fronto-
parietal network (inferior frontal gyrus, dorsomedial frontal
gyrus and intraparietal sulcus) may serve as better targets for
neuromodulation therapy. They also provide more informa-
tion about the neural mechanisms that may underlie
Fig. 3 – Percent signal change in BOLD for the left and right intraparietal sulci in the auditory condition. These were the only
sulci to show any group level differences. The left intraparietal sulcus shows an effect of hearing loss with both TIN and HL
showing decreased response, while the right intraparietal sulcus shows only an effect of tinnitus. The threshold for
signiﬁcance is set at pr0.05 (FWE) level. TIN: tinnitus and hearing loss, HL: hearing loss without tinnitus, NH: normal hearing
without tinnitus.
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sing may correlate with subtypes and thus variations in
response of the frontal and parietal cortices. In our study,
we included only individuals with mild or slight discomfort to
their tinnitus. With varying severity, the response of the
attentional network may change.
3.3. Effect of hearing loss
Due to the study design, we were able to gain insights on the
impact of hearing impairment on both the auditory and the
visual ASM network, despite this not being the focus of our
study. In the auditory modality, the HL group showed
enhanced recruitment of the ASM (Table 3b) but decreased
engagement of the ASM during the visual condition
(Table 4b), both relative to the NH group. In particular, we
noted the left intraparietal sulcus showed an effect of
auditory deprivation, with both groups with hearing loss
(HL and TIN) showing a reduced response compared to the
NH controls (Fig. 3a). Note that our participants had mild-to-
moderate hearing loss and did not use assistive devices such
as hearing aids to communicate. The pattern of loss showed
high frequency impairment (normal hearing up to 2 kHz),allowing most speech sounds to be heard without difﬁculty.
The stimuli in our study were also able to be heard with little
effort, as they ranged in frequency from 500 Hz to 1500 Hz,
within the range of normal hearing thresholds of all partici-
pants. Nevertheless, because the sounds were presented in
the same modality as the sensory channel showing loss, it is
likely that there was an effect of such deprivation. This result
of enhanced auditory ASM, suggesting greater usage of neural
resources by those with hearing loss, was noted in our earlier
paper as well (Husain et al., 2011).
With respect to the visual modality, the decreased
response of the ASM (HLoNH comparison, Table 4b) but
increased response in the right auditory cortex (HL4NH,
Fig. 4b), may signify neuroplastic changes due to sensory
deprivation. With noisier auditory input due to hearing loss,
the HL group may have begun to rely more on the visual
modality. This would lead to easier processing of visual
information; however, this was not evident in the accuracy
or response time in our study (no group differences), possibly
due to the small sample size.
It should be noted that we investigated the impact of
tinnitus on auditory and visual modalities separately. How-
ever, more ecologically valid stimuli are multi-modal and the
Fig. 4 – Percent signal change in BOLD for the (a) right intraparietal sulcus and (b) dorsomedial frontal gyrus and right auditory
cortex in the visual condition. The right intraparietal sulcus and the dorsomedial frontal gyrus show enhanced engagement
only for the TIN group, whereas the right auditory cortex shows enhanced effect of both TIN and HL groups. The threshold for
signiﬁcance is set at pr0.05 (FWE) level. TIN: tinnitus and hearing loss, HL: hearing loss without tinnitus, NH: normal hearing
without tinnitus.
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not been studied. In an intervention study, (Pape et al., 2014)
contrasted unisensory training of listening to notched music
with multisensory training of learning to play music. They
observed that the unimodal listening task produced the most
neuroplastic changes, as assessed by magnetoencephalogra-
phy, and resulted in the largest reduction in tinnitus-related
severity. The neuroplastic changes were decreases in the
tinnitus-related activity in the middle temporal cortex and an
increase in the response of the posterior parietal cortex.
3.4. Comparison with our other studies
The participants in our study also completed other scans.
Their results from a resting state study (Schmidt et al., 2013)
and a task-based study using affective sounds (Carpenter-
Thompson et al., 2014) have previously been published. The
resting state study explicitly investigated dorsal attention,
default mode and auditory networks. We found increased
correlation with the right parahippocampal gyrus and
decreased correlations with the right supramarginal gyrus
for the TIN patients compared to the HL controls, for seeds of
the dorsal attention network (located at frontal eye ﬁelds).
Here, the right parahippocampal region is part of the limbic
system and has been shown in our other work (Carpenter-
Thompson et al., 2014) to have enhanced response in proces-
sing affective sounds in the TIN group compared to both
control groups. The other resting state functional connectiv-
ity result in this network (decreased connectivity with dor-
somedial frontal gyrus) supports the ﬁndings of the present
study of decreased response of the ASM. The resting state
study also noted a strong decrease in functional connectivity
between the seed regions of the default mode network and
the precuneus when TIN was compared to both control
groups. The default mode network, ubiquitous in resting
state studies, has been taken to be antipodal to the attention
network and is suspended during tasks (Raichle et al., 2001).
Typically, the default mode network exhibits increased func-
tional connectivity at rest, reﬂecting quietude of the attention
network. However, the decreased connectivity of the default
mode network (Schmidt et al., 2013) suggests that this
quieting of the attention network does not happen for the
tinnitus group. Putting the results of the three studies from
the same group of individuals in context, it appears that the
attention network may be engaged even at rest (possibly with
maintained connection to the limbic system) for adults with
tinnitus, but may show low engagement when directed to
perform auditory tasks. The novel result of increased engage-
ment when performing a visual task further adds to our
understanding of attention in tinnitus and suggests that
visual tasks may be an avenue for distraction from bother-
some tinnitus sounds.
3.5. Caveats
The small sample size and the use of individuals with slight-
to-mild tinnitus precludes generalization to the larger tinni-
tus population, although the great majority of those having
tinnitus report mild-to-moderate severity. For instance,
(McCormack et al., 2014) report a prevalence rate ofbothersome tinnitus at 3.8% overall compared to a prevalence
rate of tinnitus at 16.2% in the general population of the
United Kingdom. Thus, those reporting “moderately” or
“severely bothered” by tinnitus comprised 23.5% of the
tinnitus population, with the remaining 76.5% reporting
“not at all” or “slightly” on a 4-response scale. Further, we
consider the present study to be a ‘baseline’ study, after
which we and others will conduct other studies with more
elaborate paradigms and other subgroups. Another point of
discussion is that somewhat different regions of the ASM
would have been utilized for those suffering from severe or
debilitating tinnitus. Although the Hi task was signiﬁcantly
more difﬁcult than the Lo task, it still did not allow us to
differentiate the groups based on behavior. Using four or
more stimuli would make the task more demanding and
allow us to differentiate between the groups in terms of
behavior. The groups participating in the two scan runs were
not identical, although there was greater than 85% overlap
between them.4. Conclusion
We found differential response of the attention network in
individuals with tinnitus and hearing loss using short-term
memory tasks. This difference in response was speciﬁc to the
modality of the stimuli being presented: when processing
sounds, the response of the attention processing regions was
depressed, but it was enhanced when processing pictures.
These results suggest that visual tasks may engage the
attention system to a greater extent in individuals with
tinnitus and thus provide an alternate means of diverting
attention from their tinnitus percept. Future interventions
that engage visual attention networks (e.g., videogames,
neurostimulation) may provide relief from tinnitus-related
distress and alleviate concentration difﬁculties.5. Experimental procedure
5.1. Subjects
Subjects were recruited from the Champaign-Urbana area.
They provided informed consent under the UIUC IRB 10144
protocol and were suitably compensated. After a thorough
audiological assessment, each subject was categorized into
one of three groups matched for age and gender: persons
with normal hearing and no tinnitus (NH), persons with
hearing loss and no tinnitus (HL), and persons with hearing
loss who had had chronic tinnitus for longer than a year
(TIN). All subjects had to meet the following criteria – be
between the ages of 30 and 70 years, have normal hearing
between 250 and 2000 Hz and not have present anxiety or
depression, temporomandibular joint (TMJ) problems,
Meniere's disease, benign positional vertigo or any other
health issues that may present complications or contraindi-
cations with MRI.
Individuals in the HL and TIN groups had bilateral sensor-
ineural hearing loss, ranging from mild to moderately-severe
at testing frequencies 2000, 3000, 4000, 6000 and 8000 Hz.
Fig. 5 – Timeline of the (a) Lo and (b) Hi trials for either auditory or visual condition. The gray regions denote the acquisition of
an fMRI image. The 4.5 s period between the end of the tasks and the onset of image acquisition is to allow subjects to
respond and for their BOLD response to peak in time for image acquisition.(c) Timing of the entire scan, with 30 Lo trials, 30 Hi
trials, 10 rest trials and two dummy trials. Diagrams are not to scale.
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attention tasks. A total of 14 NH (age 51.9378.08, 5 female), 11
HL (age 58.18710.15, 6 female), and 12 TIN (age 54.5877.43, 4
female) completed the auditory attention task. The visual
attention task was completed by 13 NH (age 51.0077.59, 5
female), 12 HL (age 56.5078.86, 8 female), and 13 TIN (age
55.0077.27, 5 female) subjects. Slightly different groups of
subjects were included in the groups for the two modalities,
albeit with 85% or greater overlap; exclusions were primarily
due to excessive motion artifacts in one of the two conditions
or scanning sessions. For the NH group, 13 subjects over-
lapped between the two tasks, for the HL group, 10 subjects
overlapped, and for the TIN group, 11 subjects were common
for the two modalities. All participants had normal or
corrected-to-normal vision and wore appropriate MRI-
compatible eyeglasses in the scanner if necessary. Self-
reported measures of anxiety and depression, collected using
the Beck Anxiety Inventory (Beck et al., 1988) and Beck
Depression Inventory-II (Beck and Steer, 1984) were in the
minimal-to-mild range. Using one-way ANOVAs, no signiﬁ-
cant main effect of BDI-II or BAI were detected for either the
auditory or visual modality (Auditory condition: BAI – F
(2,34)¼0.89, p¼0.4; BDI-II – F(2,34)¼0.66, p¼0.5; Visual condi-
tion: BAI – F(2,35)¼0.97, p¼0.39; BDI-II – F(2,34)¼1.35, p¼0.27).
In addition, the TIN group reported no-to-mild discomfort on
the Tinnitus Handicap Inventory (Newman et al., 1996) scale.
For detailed demographic information for each group for each
task, see Table 1.
5.2. MRI data acquisition
A 3T Siemens Magnetom Allegra head-only scanner was used
to acquire all MRI images. Two structural MRI scans – a lower
resolution T2-weighted turbo spin echo (TSE; 32 slices and
resolution of 0.90.94.0 mm3) and a higher resolution T1-
weighted magnetization prepared rapid gradient echo
(MPRAGE; 192 slices and resolution of 1.01.01.2)—were
obtained. The functional MRI (fMRI) scan employed echo-planar imaging (EPI; echo time¼30 ms, ﬂip angle¼901, 32
slices, and resolution of 3.43.44.0 mm3) in a sparse
sampling paradigm (Hall et al., 1999). This type of image
acquisition reduces impact of scanner noise on perception of
auditory stimuli (Gaab et al., 2007) at the expense of number
of image volumes. In our study, an image volume was
acquired every 12 s, with a 10 s period of silence between
successive acquisitions during which stimuli were presented.
5.3. Tasks and stimuli
All stimuli for both tasks were presented during the silent
period of the sparse sampling paradigm. Subjects completed
70 trials for the auditory and visual tasks: 30 low memory load
(Lo), 30 high memory load (Hi) discrimination trials, and 10 rest
(baseline). All stimuli were presented for 0.5 s. In a Lo trial, a
stimulus was presented, followed by a second stimulus 1 s
later; subjects responded SAME if the stimuli were identical
and DIFFERENT if they were not. In a Hi trial, two different
sample stimuli were presented with an interval of 0.5 s,
followed by a third stimulus after a delay of 1 s. If the third
stimulus was identical to either of the sample sounds, the
response was SAME; otherwise the response was DIFFERENT.
Subjects indicated response via button boxes; the left index
ﬁnger button was pressed for SAME and the right index ﬁnger
button for DIFFERENT. No stimuli were presented during rest
trials. Prior to the scan, all subjects completed a training
exercise for both tasks using sets of stimuli that did not
appear during the scan.
Sounds for the auditory task were randomly chosen from a
set of 22 pure tones ranging from 500 Hz to 1 kHz in frequency
and 0.5 s in duration. Pictures for the visual task were created
using Microsoft Powerpoint and represented individual Kor-
ean letters (Fig. 1). Pictures were presented via backprojection
onto a screen outside the scanner bore and a mirror ﬁxed to
the head coil, providing a vertical span 1.2041 and a horizon-
tal span from 0.3951 to 1.1051. Stimuli and instructions for
tasks were presented to the subject via Presentation 14.7
b r a i n r e s e a r c h 1 6 2 0 ( 2 0 1 5 ) 8 1 – 9 7 95(www.neurobs.com) running in a Windows XP environment
on a computer in the MR control room and projected to a
screen behind the MRI, visible to subjects via mirror. Tones
were conveyed to subjects by Resonance Technology optic
ﬁber headphones (Model RTC2K). Collectively, the stimuli and
delays of Hi trials were 1 s longer to present than those of Lo
trials, and were therefore placed 1 s earlier in TQUIET. Fig. 5a,b
depict the timing proﬁle of the Hi and Lo tasks, respectively,
during the duration of the experiment. Fig. 5c shows the
arrangement of trials throughout a task. Prior to the start of
each task, 2 “dummy” blocks (two TRs without stimuli) were
run to allow magnet stabilization.
5.4. Behavioral analysis
Subject reaction times and accuracies were analyzed via 2-
way analyses of variance (ANOVAs) separately for each
modality (auditory, visual). Accuracy was the percentage of
trials of a given task that a subject correctly identiﬁed as
SAME or DIFFERENT. The reaction time for each trial was the
time in seconds between the end of the set of stimuli and a
button press. Main effects of the ANOVA were group (NH, HL,
TIN) and memory load (Lo, Hi). For each subject Lo accuracy,
Hi accuracy, mean reaction time of correctly-identiﬁed Lo
trials, and mean reaction time of correctly-identiﬁed Hi trials
were calculated. ANOVAs were performed using the univari-
ate option of the General Linear Model in the software
package SPSS 20.0.0 (http://www-01.ibm.com/software/analy-
tics/spss/). The p-value threshold, α, was set to 0.05. Tukey's
honestly signiﬁcant difference (HSD) was used for post hoc
test for further analysis of main effects.
5.5. fMRI data analysis
SPM8 (http://www.ﬁl.ion.ucl.ac.uk/spm/software/spm8/) was
used for preprocessing and statistical analysis. The fMRI
images of each subject were preprocessed in 4 stages:
realignment, coregistration, normalization and smoothing.
The mean fMRI image was computed and all fMRI images
realigned to it by means of a 6-parameter rigid-body trans-
formation to correct for subject head motion. All subjects,
except one, had images that showed motion less than
71.5 mm translation and/or 71.51 rotation. A two-step cor-
egistration was process was then employed. A 12-parameter
afﬁne transformation was used to orient the TSE image to the
mean fMRI image; another transformation of the same type
was used to orient the MPRAGE image to the TSE image. The
coregistered MPRAGE image was nonlinearly warped to
match a standard T1 Montreal Neurological Institute (MNI)
template. The realigned fMRI images were then normalized to
MNI space by applying the warp transformation to them.
Lastly, the normalized fMRI images were spatially smoothed
by a Gaussian kernel with a full width at half-maximum of
101010 mm3.
After preprocessing, a ﬁrst level general linear model
(GLM) whole-brain analysis was employed for each subject
to generate the contrast images (α¼0.001, uncorrected) for
the following T-contrasts from the fMRI images each task:
Hi4Lo, Lo4Hi, Hi, Lo, and HiþLo (average of Hi and Lo). Rest
was implicitly modeled. The 6 realignment parameters wereused as covariates in the GLM. The Hi and Lo contrast images
of all subjects were then used for a 2nd level ﬂexible factorial
ANOVA within SPM8, followed by post hoc T-tests. Signiﬁcance
thresholds were set at po0.05 FWE at the voxel or cluster for
main effects and interactions and 0.025 FWE at the voxel or
cluster level for post hoc tests. We corrected the threshold to
0.025 FWE to account for the two-tailed nature of the post hoc
tests (half of one-tailed threshold of 0.05 FWE corrected).
The percent change in the BOLD signal for the Hi and Lo
tasks was also examined in eight anatomical ROIs, deﬁned
using the WFU pickatlas (http://fmri.wfubmc.edu/software/
pickatlas) (Maldjian et al., 2003): left/right auditory cortex (i.e.
Brodmann areas 41/42/22), left/right dorsomedial frontal
gyrus (DMFG) (i.e. BA 24/32), left/right intraparietal sulcus
(IPS) (i.e. BA 7/40), and left/right inferior frontal gyrus (IFG) (i.e.
BA 45/46/47). A one-sample t-test was used to obtain a
statistical parametric map of the HiþLo4Rest contrast for
each group, from which the voxel with the highest T-score
within each anatomical ROI, the group-level peak (GLP), was
noted. For each individual in the group, the individual voxel
with the highest T-score within the anatomical ROI and no
more than 10 mm from the GLP was used as the centroid of a
spherical ROI with a radius of 5 mm. The mean BOLD
intensity across all 70 trials was calculated per subject. Eq.
(1) was used to calculate percent signal change in the
spherical ROI after a local GLM analysis of the voxels enclosed
by the spherical ROI
PSCHi ¼
βHi
βConstant
 100 maxðmax SPM:xX:Xð ÞÞ; ð1Þ
where PSCHi is the percent signal change for the Hi task, βHi
the GLM parameter for the Hi task, βConstant the parameter for
baseline condition (as well as any condition or task that may
be unmodeled in the design matrix), and max(max(SPM.xX.X))
is the maximum value in the design matrix. To obtain PSCLo,
βHi was replaced with βLo. The process was repeated for the
remaining seven ROIs. PSCHi and PSCLo were calculated for all
subjects and analyzed with an ANOVA in SPSS to examine
differences between groups and across tasks.Acknowledgments
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